Abstract-Grid-connected power converters, which are frequently used to link renewable generation plants with the grid, are required to provide a better functionality for large scale integration of renewables. They are expected to be gridfriendly, or even grid-supportive, instead of simply grid-feeding or grid-demanding. This paper designs a synchronous power controller for grid-connected converters in detail, emulating the electromechanical characteristics of synchronous machines and improving even its actual performance, as it is based on a virtual approach. Based on this design, the grid-interfacing units are capable of showing inertia, damping, and droop characteristics as synchronous machines and presenting thus a grid-supporting behavior. The detailed control design and experimental validation on a 10 kW laboratory setup acts as the main contribution of this paper, compared with the existing studies on generator emulation controls.
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I. INTRODUCTION
G ENERATION plants based on renewable energy sources (RES) have increased their penetration into the electrical grid over the past years. The regulation capability of the grid can be reduced since the RES-based generation plants commonly follow the maximum power tracking laws, and do not interact with the grid.
Grid-connected converters commonly act as the interface between the RES-based generation plants and the grid [1] , [2] . In many proposals, the steady-state performance of gridconnected converters has been specified b y d roop characteristics instead of through DC voltage balancing [3] - [7] . With the droop control, the active power generation is automatically adjusted by a primary frequency control, and the reactive P. Rodriguez is with Department of Engineering, University Loyola Andalucía, Seville 41014, Spain, and is also with Electrical Engineering Department, Technical University of Catalonia, Barcelona 08222, Spain. power generation automatically supports the ac voltage. The converter can therefore interact with the grid with the aid of energy storage or curtailed power. In this manner, the regulation capability of the grid can be enhanced.
However, the dynamics of these converters still differ from those of the synchronous machine (SM), the total inertia in the grid does not increase along with the integration of RES-based generation plants. Therefore, the updated grid codes have taken the "synthetic inertia" into account [8] , and intensive research activities on grid-connected converters with virtual electro-mechanical characteristics have been carried out since its first publication [9] , including the sub-projects of China's 863 Plan in 2014. This trend is motivated by the fact that RES-based generation is increasing exponentially and gridinteractive loads with energy storage are also emerging.
Inertia emulation appears as the main objective in many works, and the implementation method can be categorized into the following types.
As the first type, the inertia emulation is realized using an extra loop in addition to the conventional control paradigm that comprises current control and power balancing (DC voltage control). Instead of using a DC voltage controller to balance the active power, the active power reference is specified according to a function of the grid frequency [10] - [12] . As an alternative, this extra loop method can also be used to specify the DC voltage reference following another function [13] . The main feature of this method is the minor changes to the conventional control structure. On the other hand, the derivative operation in the control structure and the dependence on the phase-locked loop (PLL) are the potential controversial points.
As the second type, the inertia emulation is realized in a modified PLL, which is proposed in [14] . Similar to the first type, this method entails only minor changes to the conventional control structure (only the change of the PLL).
The inertia emulation in the abovementioned two methods is both dependent on an external voltage source, and hence needs control scheme switching in order to form the grid in an island operation. In addition, even though the interaction dynamics between the converter and the grid is changed to emulate synchronous machines, the active power transfer dynamics is not yet the same as the one for synchronous machines.
Considering these two facts, the third type of method for inertia emulation emerged, which uses the power loop to specify inertia characteristics [15] - [26] . In this manner the active power transfer dynamics and power-frequency interaction dynamics are both changed, and the grid forming capability is achieved because of the existence of the converter output voltage reference, which is generated using the output of the active and reactive power loop. In this method, the grid synchronization is achieved by the power angle synchronization mechanism, other than the PLL that synchronizes the voltage phase.
As an alternative to the third type of method, the inertia emulation can also be realized by a DC voltage controller [27] , [28] .
Following the work of [18] referenced as Synchronous Power Controller (SPC), this paper conducts a detailed controller design based on the aforementioned concept. The gridconnected converters are enabled with inertia, damping, and droop characteristics, and hence possess a grid-supporting feature. Compared with the existing works, experimental validation and the associated analyses are particularly conducted, showing the feasibility of this proposal. The typical events such as changes in power orders and changes in grid frequency are considered, and the associated analyses include the realization of inertia, droop, and a comparison with the traditional vector current control.
The remaining part of this paper is organized as follows. In Section II, the control concept and implementation schemes of SPC are introduced. In Section III, the design of the power loop controller and the start-up techniques are presented. In Section IV, experimental results under different inputs are shown and analyzed. The conclusions are drawn in Section V.
II. CONTROL SCHEMES
The overall control architecture is based on the SPC and external droop controllers. The SPC is an emulation and enhancement of the main electromechanical characteristics of synchronous machines, and droop control is used to provide ancillary services.
A. Synchronous Power Controller
The voltage source converter (VSC) controlled by the SPC is shown in Fig. 1 . The controller structure comprises multiple blocks, such as the admittance block for emulating the electrical characteristics of synchronous machines and the power loop controller for emulating the mechanical characteristics.
SPC makes the VSC synchronized to the grid through power angle synchronization instead of voltage phase synchronization. The proposed system stems from the principle that a power converter can interact with the grid like a synchronous generator, by which the balance between the power generation and consumption is naturally kept through the speed variation of the rotor, thus achieving grid synchronization without needing any kind of PLL during normal operation. Considering the power converter case, this fact is an advantage as the power converter will be able to operate without being affected by any malfunction of the PLL. In some cases, an electrical system can experience a phase jump of more than 40º, which produces a transient in the PLL, and further undesired peculiar transients in the current control. By using the SPC, the control dynamics are not affected by the dynamics of the PLL. In addition, the inertial effect is not dependent on the connection to an external grid. So when the controlled VSC is disconnected from the main grids, it is able to maintain an island grid without any control scheme switching and keeps showing inertial characteristics. Regarding the design of the inner loops, an open-loop pulse width modulation (PWM) as in [16] , [17] , [29] , or a voltage-current double-loop controller as in [24] , [30] could be used. However, the open-loop PWM solution is unable to limit the current, and the double-loop solution poses issues in voltage source fighting. In addition, these strategies do not emulate the output impedance of synchronous machines, and thus do not naturally contribute to load sharing, and need impedance estimation when the VSC is connected to low X/R ratio networks. Since the impedance estimation becomes challenging when multiple generation units are connected in parallel, it is useful to emulate the output impedance of synchronous machines in the control design.
The virtual admittance used in this paper is shown in Fig. 2 (a) [21] , as an emulation of the synchronous machine stator. As shown in Fig. 2(a) , the reactance and damping resistance are virtually implemented and can be adjusted.
The overall power transfer impedance will be dominated by the virtual admittance, which presents an X/R ratio much greater than 1, and the network impedance estimation is hence not needed. With the virtual admittance, the start-up transient can also be damped by using different admittance values in different operational stages. In this way, the controller structure and design become simple, since the back-up PLL as in [31] is not needed.
To configure the VSC to a current source, as shown in Fig. 2 (a), a current controller is contained in the virtual admittance structure. It is able to control the current and further limit it with anti-windup measures, which is necessary in practice.
In several existing works, the output impedance of the synchronous machines is emulated by means of using a virtual impedance structure [4] , and it has different implementation strategies. A generalization of the virtual impedance structure is shown in Fig. 2(b) . In order to deal with the derivative term contained in the structure, a low-pass filter is normally added to process the current measurement, or a fundamental frequency inductor (jω s L) is used as a compromise. With a low-pass filter, the accurate emulation of the impedance cannot be achieved due to the phase shifts and delays. Moreover, the fundamental frequency inductor is not effective in the whole frequency range and it is not able to deal with load sharing [21] . By avoiding the derivative term, the virtual admittance structure shown in Fig. 2 (a) does incur challenges in practical implementation. The voltage source fighting is avoided since the converter output voltage is not directly controlled. Moreover, only a current loop is needed in the virtual admittance structure, while for the virtual impedance implementation, a voltage-current cascaded double loop is necessary.
B. External Droop Controllers
Droop control is a typical control that a generation unit should provide to the grid, and it is also needed in forming an independent grid. The virtual admittance determines the inherent Q-V droop characteristics, and the power loop controller of the SPC can determine the inherent P -f droop characteristics. Nevertheless, external P -f and Q-V droop controllers are also needed to modify the inherent droop characteristics and define the overall droop slope. The schemes of the external droop controllers are shown in Fig. 3 . Based on the synchronization mechanism of the SPC, the input frequency measurement is provided by the output of the power loop controller. In the layout, K DP and K DQ are the droop slope for each controller. Commonly in practice, a dead band is used in the droop loop to disable the droop controller around the nominal frequency.
III. POWER LOOP SYNCHRONIZATION AND INERTIA EMULATION
The power angle synchronization is not achieved by a single loop like PLL, instead, the power loop controller, virtual admittance and current controller altogether achieve the power angle synchronization.
The mathematical model of the power control loop is shown in Fig. 4 . It is a generalized modeling of the active power control mechanisms achieved by the control structure of Fig. 1 . The relationship between the active power generation P and the voltage angle difference δ is written as,
where δ is the voltage-angle difference between the inner voltage e and the grid voltage v. The transfer gain is shown as,
where E and V are the rms of the inner voltage, e, and the grid voltage, v, respectively, and X is the virtual output reactance, which is defined by the admittance block in the case when SPC is used. During the modeling and analysis, V can be given the nominal value, and E can be estimated approximately equal to V , while X will be specified by setting the value of L of the virtual admittance. The VSC based on virtual admittance can be modeled as shown in Fig. 4 because of two facts: 1) The power is delivered based on the load angle and reactance (that predominates the whole impedance) as shown in (1); and 2) The inner current controller is significantly faster than the power loop controller with inertial effect, hence its dynamics can be decoupled from the modeling of the power control loop to reduce its complexity.
Unlike the conventional converter control strategies that require a dedicated synchronization block and a dedicated power controller, the designed power control loop is able to achieve synchronization as well as controlling the active power, as occurs naturally in a synchronous machine. In this way, it is possible to give inertia characteristics by configuring the power loop controller, while a PLL is not used.
The synchronous angular speed ω is adjusted according to the error in power regulation, and will further move the load angle to regulate the power. Then ω can be regulated to diminish the power control error, and meanwhile maintain the synchronization with the grid frequency ω g .
A. Implementation of SM Swing Equation
To replicate the swing equation of the synchronous machines, (3) can be selected as the power loop controller [32] .
where ω s is the grid rated angular speed, H and D the inertia and damping constant, respectively, and S N the rated power of the converter. It is known that the damping characteristics of the synchronous machines are mechanically and electrically constrained. However, as shown in (3), once the swing equation is virtually implemented, the damping performance can be improved by tuning D.
Using the form shown in (3) as the power loop controller, the transfer function of the active power control loop is written as,
Obviously the dynamics defined by (4a) is dependent on the parameters ω n and ξ. Further, ω n and ξ are dependent on the inertia and damping parameters H and D as shown in (4b) and (4c). It is worth noting that the damping coefficient ξ should be fixed to a value greater than zero to ensure the local stability.
In addition to the transient response to power reference changes (4a), the performance, based on the presence of frequency changes, should also be analyzed as another aspect of the power loop dynamics. The transfer function is written as,
A steady-state power-frequency droop slope D P can be determined by (5), and (6) is obtained.
Let 1/R D denote the per unit value of the power-frequency droop slope, (which is typically 5% in the case of a traditional generation unit [33] ), R D can be expressed in terms of D P as shown in (7) .
Substituting the D P in (7) using (6) and further substituting ω n using (4c), the relationship among the damping, inertia and droop slope is shown as,
The per-unit virtual reactance X pu is written as,
and then (8) evolves to (10) in terms of X pu .
Fig . 5 shows the constraint between the inertia and damping parameters, which is plotted using (10) . Four cases are considered, and the inertia constant H is fixed to different values in each case, while X pu is fixed to 0.3. When 1/R D is specified to 4%, as shown in Fig. 5 , ξ will be smaller than 0.5, which is smaller than the optimal damping coefficient for a second-order transfer function (0.7). If a greater value of 1/R D is requested by the transmission system operator, ξ needs to be reduced further.
The denominator of the right part of (10) will not be zero under proper inertia and damping parameters, and then 1/R D cannot be infinite. Therefore, the droop characteristics cannot be totally eliminated by tuning parameters. Then an external droop controller is needed to compensate the intrinsic droop for a fixed power control, or to modify the internal droop slope for the desired droop slope.
B. PI-based Power Loop Controller
When the power loop controller is designed as (3) for the replication of the SM swing equation, an additional droop controller is necessary in both the fixed power control mode and droop mode operation. As an alternative to the controller form (3), the PI controller shown in (11) is proposed as the power loop controller.
The PI-based power loop controller leads to a zero steadystate error of active power control even in the presence of grid frequency changes. In this way, the fixed power control mode can be simply achieved by disabling the external droop loop. And for the droop control mode, the parameter setting of the external droop controller will be straightforward and simple.
In addition, the inertia and damping characteristics can also be given by assigning proper values to the control parameters.
Using the form shown in (11) as the power loop controller, the transfer function of the active power control loop is written as (12a), which is also a second-order transfer function like (4a), and the dynamics can easily be analyzed. The parameters ξ and ω n are defined in (12b) and (12c).
The numerator of (12a) is different from (4a), while the denominator is the same. Hence, the condition for local stability is not changed. The inertia and damping characteristics can be defined by fixing the control parameters K X and K H following the relationship of (12b) and (12c).
The active power response under grid frequency changes is analytically written as,
and the steady-state droop slope is calculated as,
This equation indicates that the generated power will always track the power reference in the steady state regardless of the frequency variations. Hence, when the converter is required to operate in the fixed power control mode, an additional droop control is not needed. In case the droop mode operation is needed, the droop slope can be directly set by the external droop controller.
C. Setting of Control Parameters
According to (12b) and (12c), the control parameters K X and K H can be calculated based on the specifications of ξ and ω n . In addition, the natural frequency ω n can be translated to the inertia constant H by combining (4c) and (12c) to equate the ω n from the two cases. The control parameters can be fixed in advance, or optionally, be adaptive following the inputs of H and ξ, thus a flexible control is available.
The value of H is equivalent to the inertia constant of the synchronous machines, and it needs to be specified taking into account the constraints of the power reserve. The damping coefficient ξ can be specified within the range 0 < ξ < 1 to make the system stable and under damped.
For tuning the damping coefficient ξ, the transfer function (12a) is imposed by a step input, and the settling time and overshoot of the transient response based on different values of ξ are analyzed. The relationship between the damping coefficient ξ and the step response overshoot is plotted in Fig. 6 .
As an example shown in Fig. 6 , the step response overshoot will be below 20% once the damping coefficient is fixed greater than 0.73. Fig. 6 shows that different values of H do not lead to a significant difference in the damping characteristics, and the curves under two different values of H almost coincide with each other.
D. Start-up Based on Virtual Admittance Scheduling
The admittance block shown in Fig. 1 is expressed as,
By scheduling the parameters of the admittance, namely R and L, a smooth start-up and grid connection can be achieved. Fig. 7 shows the simulated start-up process as an example. In order to limit the current transient at the moment of connection, the initial values for R and L are set significantly greater than the nominal ones. At 0.11 s, the switching of the VSC is enabled, the injected current experiences a fast transient, and the current magnitude is within the acceptable range. At 0.35 s the synchronization is completed, and the values of R and L start to be reduced gradually to the nominal values during 1 s. At 1.6 s, after the nominal values of R and L are reached, the VSC can operate normally and increases the active power injection to the nominal.
A zoom-in of the start-up process at 0.05 s < t < 0.35 s is shown in Fig. 8 , in which the details of the synchronization process are shown. It is seen that both the α and β components of the virtual electromotive force e can be gradually shifted to be synchronized with the grid voltage v in several grid cycles.
It is worth mentioning that the parameters transition time can be predefined in the embedded converter controller or given by secondary orders. 
IV. EXPERIMENTAL RESULTS
In the experimental validation, a 10 kW grid-connected converter test platform is used for implementing the proposed controller. Fig. 9(a) shows the test platform scheme, and Fig. 9(b) shows the laboratory setups.
The power rating of the DC power source is 40 kW, and it is connected to the DC bus. Using a DC voltage source, the DC bus voltage can be fixed for providing sufficient power reserve. A regenerative AC source forms the AC grid, in this way the voltage magnitude and frequency can be specified and adjusted. The controller is coded in a dSPACE 1103 system. The key parameters of the setups and the controller are shown in Table I . The SPC based on the PI-based power loop controller is implemented, and the results from 5 sets of tests are shown. First, a step change in the power reference from 0.5 p.u. to 1 p.u. is given to validate the dynamic performance. To clearly show the inertia characteristics, H is designated to be 10 s as a great value. The grid voltage and injected current waveforms are shown in Fig. 10 , and the active power, reactive power, virtual synchronous frequency ω and the phase of the electromotive force θ are plotted in Fig. 11 .
As shown in the results, the grid injected current and power change in a ramp, showing the typical response of a second-order system. The transient response without any oscillations also indicates a proper damping of the system. And in the steady state, the injected active and reactive power is accurately controlled.
The active power profile is compared with the predicted trajectory as shown in Fig. 11 , and the power response complies with the defined inertia characteristics. The predicted trajectory is calculated by imposing a step input in the transfer function shown in (12a). The virtual synchronous frequency ω is also shown in the figure, and the grid synchronization is achieved. The phase signal θ is used to generate the virtual electromotive force, and in the controller coding, it needs to be constrained in a limited range to avoid a variable overflow. As shown in Fig. 11 , θ is always subtracted by 2π once it is over 2π. Secondly, variations of the grid frequency are imposed by configuring the AC regenerative power source, and the frequency changing slope is made to ± 1 Hz/s. The response of the injected current, active and reactive power and virtual synchronous frequency are respectively shown in Fig. 12 . The active power reference is set to 0.5 p.u. and the reactive power reference to 0, and the inertia constant is kept the same as in the previous test. The gain of the external droop controller K DP is set to 0. According to the results, the injected current and power counteract the deviation of the grid frequency, showing a gridsupporting behavior. The controlled active and reactive power goes back to its reference in a steady state, presenting the accurate control of active and reactive power.
Particularly, the predicted trajectory of active power is calculated by imposing the same grid frequency variations in the transfer function shown in (13) , and compared with the actual active power profile in Fig. 12 . It validates the accurate implementation of the designed inertia characteristics. The perfect match between the predicted and actual power response also relies on the fact that the reference of the inner current loop does not experience drastic changes due to the inertia of the power loop, thus the current loop dynamics is not coupled in the response. In addition, the virtual synchronous frequency ω shows an accurate lock of the grid frequency in the steady state as well as the inertia dynamics.
Thirdly, the inertia characteristics are further validated in It is demonstrated that the time response can be adjusted through specifying the inertia constant H. Since the natural frequency ω n is inversely proportional to the square root of the inertia constant H, the time of response is approximately proportional to the square root of H. This fact is validated by Fig. 13 , where the settling time of the two responses are calculated respectively to be 479.0 ms and 677.5 ms. The settling time when H = 10 is close to the settling time when H = 5 multiplied by √ 2. Fourthly, the performance of the external droop controller is validated. The droop slope is specified to be 2% by designating K DP to 1591.5 W/(rad/s). And the dead band ω db is set to 0 for simplicity. In the test, the active power reference of the converter is set to 0, and the grid frequency is reduced step by step from the nominal value. At each value of frequency, the steady-state power is obtained from the data recorded by the power analyzer. The steady-state power-frequency relationship is plotted in Fig. 14 , where the slope of the data outline corresponds to the designation. At last, the performance of the SPC is compared with a typical PLL-based vector current control (VCC) strategy. Both strategies are accompanied by external droop controllers and specified with the same droop slope, namely 2%, and the same dead band, namely 0.05 Hz. The responses under grid frequency variations are compared in Fig. 15 . In order to highlight the differences of these two strategies in the grid-interactive dynamics, the grid frequency is configured to change in steps, which does not normally occur in realistic systems. The responses of the current, active power and synchronous frequencies that are controlled by SPC and VCC are respectively shown in Fig. 15 . Comparing these two figures, the SPC-controlled converter shows a stronger effect in transient to counteract the frequency deviation because of the inertia characteristics. When the grid frequency drops, the grid angle decreases, so the SPC-controlled converter injects more power. The power imbalance modifies the virtual frequency and θ until a new equilibrium is reached. In this transient the converter frees part of its virtual kinetic energy, naturally compensating the frequency drop. Therefore, with enough installations, SPC-controlled converters will considerably contribute to the frequency stabilization.
V. CONCLUSION
This paper designed the Synchronous Power Controller in detail for realizing grid-connected converters with virtual electromechanical characteristics. Features like inertia and damping are incorporated in the power loop controller, and the grid frequency stabilization is hence enhanced. The grid synchronization can be achieved by the power angle synchronization such as the mechanisms of synchronous machines, while the commonly used PLL can be eliminated. Therefore, the converters are able to be connected to weak grids that have limited short circuit capacity. In addition, the virtual admittance can contribute in delivering power to low X/R ratio grids, which is the case of many low-voltage grids. And the admittance value can be adjusted online for different operational stages.
Experimental results were conducted on a laboratory-scale grid-connected converter, providing a preliminary validation of the SPC concept. Both in the presence of power order changes and grid frequency disturbances, the active power responses clearly follow the specified inertia characteristics. By comparing the SPC and the typical VCC, the converter controlled by the SPC shows a stronger power response in transient to oppose grid frequency disturbances. The effectiveness of the external droop controller is verified as well.
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